We studied the association between common haplotypes in six relevant lipid metabolism genes with plasma lipid levels. We selected single-nucleotide polymorphisms (SNPs) in the cholesterol ester transfer protein (CETP), lipoprotein lipase (LPL), hepatic triglyceride lipase (HL), low-density lipoprotein cholesterol receptor (LDLR), apolipoprotein E (ApoE) and lecithin-cholesterol acyltransferase (LCAT) genes, and studied 732 individuals from 184 German families. Total cholesterol (TC), low-density lipoprotein cholesterol (LDL) and high-density lipoprotein cholesterol (HDL) were similar to those reported in other European and American populations. Haplotypes derived from SNP combinations resulted in more significance and of a higher degree than did single SNPs in the genotype-phenotype association analysis. Reduction of the polygenic variance attributable to haplotypes was estimated using variance components analysis. Under the biometrical genetic model, allelic association of haplotypes was highly significant for HDL, LDL and the LDL/HDL ratio. The residual kinship correlation was reduced accordingly. The ApoE gene had a strong effect on trait variation; however, the other genes also contributed substantially. An epistatic interaction could not be demonstrated in this sample. The data are consistent with the notion that common genetic variants influence common traits.
INTRODUCTION
Cardiovascular disease is the leading cause of death worldwide, and serum lipid concentrations are a major risk factor (1) . Major mutations have been described in genes coding for the low-density lipoprotein cholesterol receptor (LDLR), apolipoprotein B and, more recently, LDLR adaptor protein (2, 3) . These conditions are highly informative, but rare. Important but uncommon variants in the genes for the cholesterol ester transfer protein (CETP), lipoprotein lipase (LPL), hepatic triglyceride lipase (HL), lecithin-cholesterol acyltransferase (LCAT) and apolipoprotein E (ApoE) have also been described (4) (5) (6) (7) (8) . Lipid concentrations in the general population, even in the absence of major mutations, are also highly heritable (9) . Nevertheless, the identification of new sequence variations contributing to dyslipidemia has proved difficult (10) . We modeled the interactions of six of the above lipid metabolism genes by means of differential equations (11) . We tested the model by simulating the effects of known disease mutations as well as the effects of a high-fat diet, and observed that the predictions corresponded very well to published measurements. The aim of the present study was to estimate the genetic variance in lipid concentrations contributed by common SNPs and haplotypes in six of the above established gene loci in normal persons. We employed a genetic-biometric model of variance decomposition (12) (13) (14) (15) (16) . We studied German families phenotyped in terms of total cholesterol (TC), low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), the LDL/HDL ratio and triglyceride (TGL) concentrations.
RESULTS
The demographic data and the raw lipid data are shown in Table 1 . As expected, cholesterol and body mass index (BMI) were greater in the parental generation. Men had higher *To whom correspondence should be addressed at: Franz Volhard Clinic, Wiltberg Strasse 50, 13125 Berlin, Germany. Tel: þ 49 30 9417 2202; Fax: þ 49 30 9417 2206; Email: luft@fvk-berlin.de cholesterol values than women -with the exception of HDL, where matters were reversed. These effects were significant in regression analyses (data not shown) for age (LDL, HDL and LDL/HDL ratio), age 2 (TC, LDL and LDL/HDL ratio) and gender (TGL, LDL, HDL and LDL/HDL ratio). We next examined the within and between-family variation with an analysis of variance, as shown in Table 2 . The variation between families was greater than within families -as we should expect with strong genetic and/or shared environmental influence on the trait. The TGL relationship was somewhat weaker, since this variable is more strongly influenced by the last meal and the time of day at which the blood is obtained.
The SNPs and their frequency distribution in family founders are shown in Table 3 . The observed allele frequency of SNPs reported as 'common' ranged from rare to frequent (0-49%). Hardy-Weinberg equilibrium was the case for all the SNPs, supporting the existence of random mating in this population. Figure 1 is the genomic map of the SNPs obtained from public databases (17) in four of the genes. Only one out of three SNPs in LCAT was polymorphic at a low frequency. LCAT is therefore not shown. The major ApoE haplotypes have been described earlier. Figure 2A shows the linkage disequilibrium of 55 SNP pairs expressed as Pearson correlation coefficient D. The average linkage disequilibrium decreased to 50% after about 25 kb, with HL contributing more 'rapid' and the other loci less 'rapid' decay. Figure 2B gives the haplotype counts in unrelated founders. Table 4 shows an analysis of the five gene loci in terms of their individual influence on the phenotypes. A P-entry indicates which of the loci is by itself able to account for a given portion of the polygenic variance. The haplotypes gave persistently more significant results than single SNPs. Furthermore, some haplotypes showed significances that were not detected by the SNPs. CETP influenced HDL and LDL/HDL ratio. LPL influenced HDL. LDLR influenced LDL and LDL/ HDL ratio. ApoE exerted influence on all the phenotypes. HL influenced LDL and LDL/HDL ratio. Table 5 displays the coefficients of additive genetic variance of haplotypes at those loci that showed a significant effect in Table 4 . Some of these coefficients differ significantly from zero. Others are either close to zero or are based on an insufficient number to obtain statistical significance. Only a few instances of significant stratification were observed for alleles that showed no total association (with one exception). In most cases, such as the effect of LDL receptor haplotypes on LDL/HDL ratio for example, the most frequent haplotypes formed a mean effect 'center' with value close to zero (þ 0.03 units). The less common LDL receptor haplotypes grouped around the center with a raising or lowering effect on the phenotype (between þ 0.34 and À 0.40 units). However, in the case of CETP haplotypes on HDL, the most frequent haplotype was at the 'periphery' with lowered HDL values (À 0.26 units), whereas the ensemble of less frequent haplotype variants moved HDL in the opposite direction. Table 6 shows the combined association effect of all SNPs or all haplotypes on the various phenotypes. Again, the SNP haplotypes were more informative than single SNPs, even with the different degrees of freedom. The likelihood ratio tests were highly significant for HDL, LDL, and LDL/HDL ratio, but not for TC and TGL. Comparison of columns 3 (all loci) and 4 (without ApoE) demonstrates that the P-level drops, but is generally still significant, when association of alleles other than ApoE is tested. This finding indicates that ApoE had a strong influence on those traits. However, the other genes also influenced the lipid phenotypes considerably. This result is in keeping with the likelihood ratio tests shown in Table 4 .
We next compared the maximum-likelihood estimates of environmental (V e ) and polygenic (V g ) variance provided by the null model, which includes no genotypes, and the full model, which incorporates the SNPs and the haplotypes (V reg ). The comparison permits an assessment of the contributions of genetic and non-genetic factors to the phenotype variation. The 'environmental' component V e was consistently around 60% of the total variance. The inclusion of allelic association effects on HDL and LDL phenotypes in the full model reduced the The individuals are part of 184 extended families that were split into 222 nuclear families. The between-family variation exceeded intrafamily variation by 32-98%, consistent with a strong genetic and shared environmental effect. SSQ b and SSQ w refer to the sum of squares around zero mean. df, degrees of freedom. 
The frequency of SNPs was calculated from the subsample of non-related family founders. residual kinship resemblance (V g residual) substantially. A striking feature was that the combination of LDL and HDL as a ratio reduced the estimate of the residual resemblance V g to 5%. The quantity V reg may be inflated by the presence of polymorphisms without association effect. Therefore we next applied a correction for overfitting (V reg adjusted). Comparison of this adjusted V reg with the residual V g (columns 8 and 10 of the top part of Table 6 ) shows that the contribution of associated haplotype alleles to the genetic variance is substantial for HDL and LDL and even dominant for the LDL/HDL ratio. This finding suggests that the LDL/HDL ratio describes a large amount of the genetic variation of the normal lipoprotein variability in this sample.
DISCUSSION
Our results show the influence of genetic diversity on the complex network of lipoprotein metabolism in the confines of common SNPs and haplotypes. SNP haplotypes were more informative than SNPs considered separately. In our analysis, the 'environmental' effect of the cholesterol phenotypes ranged The ordinate is scaled to relative frequency. The haplotype counts ranged from 572 to 616. These numbers depended on the number of unrelated founder individuals in whom haplotypes could be assigned unequivocally by the haplotype estimation algorithm. The increased numbers of haplotypes constructed exceeds the numbers of DNA specimens available because we were able to reconstruct haplotype information on numerous individuals, without genotyping.
between 54% and 71% and was greater than that observed in previous studies (9, 18) . This finding may be related to sample heterogeneity across all Germany and variation in laboratory techniques. Haplotype variation in five lipid genes attracted a substantial part of the genetic variance for HDL, LDL and LDL/HDL ratio. This finding was highly significant. We observed a robust haplotype effect on the genetic variance of the LDL/HDL ratio. This observation is of particular interest, because the LDL/HDL ratio is particularly clinically relevant. We hasten to indicate that the result is dependent on the genetic model employed and subject to sampling uncertainty. The well-known influence of ApoE was confirmed. However, other loci also contributed significantly to the allelic association with traits, independent of ApoE. We could not find epistatic effects, because nonlinear terms were not significant in our models (not shown).
We used the family structure for haplotype construction (19) . The ApoE gene had only three haplotypes, since we studied only the two widely known SNPs in that gene for the purpose of providing a positive control. Within the LCAT gene only one out of three SNPs showed slight variability. Thus, this gene was of no utility for our haplotype analysis. In CETP, LDLR, HL and LPL, the number of observed haplotypes in our population was far less than predicted by the linkage equilibrium assumption. This finding is in keeping with other recently published data (20) (21) (22) (23) (24) . Furthermore, we extend to lipidrelevant genes the recent findings on other loci that the genetic diversity is characterized by an erratic pattern of SNP-pair linkage disequilibrium. This linkage disequilibrium decays within a distance of about 25 kb. Full linkage disequilibrium appeared only when the distance was 1 kb or less in our sample of 'founder' individuals. However, only a few of the theoretically possible haplotypes were actually observed and accounted for about 90% of the sample.
Many previous epidemiological studies (9) -including our own on monozygotic/dizygotic twins (18) 
In our family analysis, we were able to reject with great confidence the null hypothesis that the genetic variants are not correlated with lipid phenotypes. We found by variance decomposition that there were family clusters of lipid traits, because the between-family variation was almost twice as strong as the within-family variance. These data support the degree of familial aggregation due to genetic and non-shared environmental influence estimated by Higgins (9) . We took care to eliminate families with monogenic conditions from our study. The selected families were recruited from an index person who had atherosclerosis determined by cardiac catheterization. That index person was not included in this analysis. This creates a sampling bias against families without such a relative. The subjects from the selected nuclear families in our analysis did not undergo catheterization to exclude atherosclerosis. However, none had symptoms to warrant that diagnostic procedure, which is an ascertainment bias in the opposite direction, in favor of families with smaller cardiovascular risk. We think that these effects balance each other and the net bias is small, for four reasons: (i) in the majority of cases, the nuclear family was sampled from the unrelated spouses of the index person; (ii) our sample lipid values are very similar to those of representative studies such as Framingham in the USA and the PROCAM study in Germany (26, 27) ; (iii) the index person was never a member of a selected nuclear family -she/he rather was, in a minority of cases, a second-or third-degree relative; (iv) since cardiovascular disease is the commonest cause of death worldwide (1), being related to such an individual is not unusual in the general population. We are therefore confident that the results are relevant for lipid variability in the general population, albeit not exactly representative for a population-based sample.
The family sample was of sufficient size to show (at least for the most frequent haplotypes) to what extent and in which direction the lipid values were different from the average. This observation supports the common-variation hypothesis for the cause of the physiologically and clinically most important plasma cholesterol fractions: HDL and LDL. It seems advisable to confirm our findings on a different sample with additional loci and more SNPs. In general, the direction of effects is consistent with the known physiological effects of these genes. CETP serves the purpose of cholesterol-ester transfer from HDL into the ApoB-100-containing lipoproteins (VLDL/LDL). Thus, showing that this gene exercises an influence on HDL and the LDL/HDL ratio was not unexpected. A deficiency in CETP is associated with high HDL levels (4). We found that the LPL gene had a significant influence on HDL. This result is consistent with the report by Reymer et al. (28) indicating that a mutation in the gene is associated with reduced HDL values and premature atherosclerosis. We were interested to observe that haplotypes in the LDLR had a strong influence on LDL concentrations and the LDL/HDL ratio. Haplotype analyses in normolipidemic individuals from RFLP analyses of the LDLR gene have been performed previously (29, 30) . These studies also suggested that the gene causing familial hypercholesterolemia has an effect on LDL in the normal population. Our results extend these earlier data. Had we merely focused on single SNPs, this result would not have been identified. Earlier studies reporting negative results focused on individual variants of the gene. The strong effect of ApoE was expected. This gene and its variants serve as a positive control in our study. HL has multiple important effects on lipid metabolism. A variant in the gene has been associated with increased HDL (6). We found a significant effect of certain HL haplotypes on LDL and the LDL/HDL ratio.
To the best of our knowledge, our family study is the first multiple SNP haplotype analysis in multiple genes to examine their utility in explaining genetic variance on LDL and HDL in the general population. We studied quantitative traits. For qualitative traits an approach has been published by Ott and Hoh (31) . SNPs occur approximately every 1000 bp and putatively explain differences between unrelated persons and related individuals who are not identical twins. The fact that we can address a substantial fraction of the genetic variance of HDL, LDL and LDL/HDL ratio in terms of frequent haplotypes is reassuring. It is generally expected that single common variants can be individually responsible for only minor effects. Major effects have clinical consequences that result in their detection. These variants are known, and were not the purpose of our study. Since cardiovascular death is the most common cause of death worldwide (1), the vast majority of affected individuals have lipid phenotypes that are 'normal', but small deviations may have a long-term effect on the risk profile of an individual.
MATERIALS AND METHODS

Study population
We selected 184 extended families from our genetic fieldworking program according to methods outlined elsewhere (32) . All subjects completed a medical questionnaire and were examined by their family physician or by us. Our university's committee on human subjects approved the protocol, and written informed consent was obtained from all participants. Families with familial hypercholesterolemia, familial-combined hyperlipidemia or familial hypertriglyceridemia were excluded, as were families with patients who had known secondary causes of hyperlipidemia. We focused instead on families without known primary or secondary lipid disturbances. The persons in this analysis were either second-or higher-degree-related to someone with heart disease or were recruited via the family of the spouses of a patient with heart disease. However, none had symptoms of angina pectoris or had known heart disease. The extended families were split into 222 nuclear families that N is the number of genotyped subjects. Variance components are expressed as fractions of total variance
For every phenotype, a full model with all individual genotypes (0,1,2) as additive covariates was compared with a null model without these covariates. In a second test ('without ApoE'), the ApoE genotypes were not modeled as covariates. The P-value of the LR-derived w 2 test (54 df for haplotypes and 25 df for SNPs) compares the full model with the respective null model. The likelihood estimation did not converge (No conv.) in the case of SNP haplotypes/TGL trait. The last column contains the coefficient of determination (V reg ), which was adjusted according to (35) to the surplus number of free parameters (due to loci that are not significant in Table 4 ).
contained at least two adult children. A total of 732 subjects were included in the study.
Genotyping and measurement of lipid traits
TC, HDL and TGL were measured in serum by automated methods and LDL was calculated by the Friedewald formula. Our DNA extraction procedures are outlined elsewhere (18) . SNPs were selected from the literature and from public databases (17) . SNP analysis was performed by DNA sequencing. Cycle sequencing with an ABI Prism 3700 Analyzer (Applied Biosystems) using the BigDye Terminator cycle sequencing kit (Applied Biosystems) has been outlined elsewhere (33, 34) .
TC, LDL, HDL and TGL were corrected for age and gender. The correction diminished the total variance by 18%, 12%, 12%, 16% and 14% for TC, TGL, HDL, LDL and the LDL/ HDL ratio, respectively. The data were subjected to variance component analysis (12) (13) (14) (15) (16) . This analysis requires a Gaussian normal distribution, and therefore a log-transformation was applied to the data. To make sure that this transformation did not mask association effects, we also applied the nonparametric Kruskal-Wallis test to the untransformed original data.
We first inspected the demographic data and assured ourselves that these results were similar to known population values. We next tested for familiar phenotype clustering in these data ( Table 2 ). The 732 individuals from 222 nuclear families were subjected to variance analysis of their logtransformed phenotype values. For convenience, the latter were scaled to a mean of zero and unit variance.
Statistical genetic analysis
We further constructed haplotypes in all nuclear families using an E-M algorithm that employs the nuclear family information (19) . To take advantage of the family structures, we performed an association analysis of quantitative traits by use of variance component models for family data. The analysis uses the QTDT program: http://www.well.ox.ac.uk/asthma/QTDT (12) (13) (14) (15) . We conducted a regression analysis with single SNPs or SNP haplotypes as independent variables and lipid phenotypes as dependent variables. Genotypes were scored as 0, 1 or 2 according to the number of alleles present. The candidate alleles as covariates under test get a coefficient of additive effect and modify the mean of the phenotype. The random effects are modelled into a variance-covariance structure with a diagonal variance term, V e , which collects environmental variance and part of the polygenic background, and an off-diagonal covariance term, V g , which collects polygenic and shared environmental correlation according to the kinship structure (13) . Confounding family stratification was tested by splitting the individual genotype into a betweenfamily and a within-family component. Significance was tested as a w 2 -test derived from the likelihood ratio (LR) (12-15) with due regard to the degrees of freedom (df) compared with a model restricted by a null hypothesis.
The total variance ( ¼ 1) was partitioned into V e , V g and, in the full model, V reg (variance attributed to SNPs or haplotypes due to regression). As was predicted from theoretical analysis (13), the power to detect a weak additive genetic influence of single loci (typically around 10% of the total variance) as linkage effect was not sufficient in our data set.
Test hierarchy
Our six genes code for proteins whose essential role in the lipid pathways is well established. Thus, the hypothesis that we tested was whether or not genetic variation in these genes bears on the phenotypic variation. We applied a test hierarchy that first tested the null hypothesis that the phenotype was not affected by the genotype configuration at a given locus (Table  4) . Only after the rejection of this global null hypothesis did we test single regression coefficients in order to decide which of the numerous individual SNPs or SNP haplotypes show significant association on its own. This strategy reduced the problem of multiple testing to five global tests and subsequent selection of contributing individual factors. Nominal P-values less than 0.05 denote association of phenotype with certain alleles at a given locus. When individually significant, the regression coefficients obtained under the full biometric model stand for an additive genetic effect of the tested allele. Their values represent the resulting deviation (either positive or negative) from the total population mean, expressed per allele in units of standard deviation of the log-transformed phenotype values.
Finally, several tests were constructed in which the full model included all single SNPs or all SNP haplotypes as independent factors. We did not eliminate genes with insignificant effects (Table 4) to maintain similar variance estimates between the traits. We tested the null model both with and without ApoE to determine whether or not significant associations in addition to that provided by ApoE were present. These tests yielded maximum-likelihood estimates of the variance components V e (predominantly 'environmental'), V g (predominantly 'polygenic' background) and V reg (mainly due to association). The overfitting due to redundant parameters was estimated by applying an adjustment recommended elsewhere (35) .
